Ion nanocalorimetry is used to measure the effects of electron kinetic energy in electron capture dissociation (ECD). With ion nanocalorimetry, the internal energy deposited into a hydrated cluster upon activation can be determined from the number of water molecules that evaporate. Varying the heated cathode potential from Ϫ1.3 to Ϫ2.0 V during ECD has no effect on the average number of water molecules lost from the reduced clusters of either [Ca(H 2 O) 15 ] 2ϩ or [Ca(H 2 O) 32 ] 2ϩ , even when these data are extrapolated to a cathode potential of zero volts. These results indicate that the initial electron kinetic energy does not go into internal energy in these ions upon ECD. No effects of ion heating from inelastic ion-electron collisions are observed for electron irradiation times up to 200 ms, although some heating occurs for [Ca(H 2 O) 17 ] 2ϩ at longer irradiation times. In contrast, this effect is negligible for [Ca(H 2 O) 32 ] 2ϩ , a cluster size typically used in nanocalorimetry experiments, indicating that energy transfer from inelastic ion-electron collisions is negligible compared with effects of radiative absorption and emission for these larger clusters. These results have significance toward establishing the accuracy with which electrochemical redox potentials, measured on an absolute basis in the gas phase using ion nanocalorimetry, can be related to relative potentials measured in solution. (J
C apture of an electron by a multiply charged protein can result in extensive backbone fragmentation from which information about the sequence [1] [2] [3] , sites of posttranslational modifications [3] [4] [5] [6] [7] , and even tertiary structure can be obtained [2, 8, 9] . Since the introduction of this electron capture dissociation (ECD) method by Zubarev and colleagues [1] , who combined thermally generated electrons with trapped ions in a Fourier-transform ion cyclotron resonance (FT/ICR) mass spectrometer, others have demonstrated that similar fragmentation pathways can be obtained when the electron is captured from an atom [10, 11] or from molecular anions [12, 13] . These methods provide a new route to obtain structural information from intact proteins and large peptides, making applications such as "top-down" proteomics [7] feasible.
Ion-electron recombination or electron capture (EC) is exothermic by a value corresponding to the recombination energy (RE) [14, 15] . This energy can partition into internal modes of the precursor ion and into translational, rotational, and vibrational modes of the dissociation products. The extent of internal energy deposition upon ion activation can be measured using "chemical thermometers," which are ions that have fragmentation pathways with known activation energies and entropies. For example, Cooks and colleagues used Fe(CO) 5 ϩ · to compare the energy deposition of collision-induced dissociation and surface-induced dissociation [16] . The appearance energies for fragments of Fe(CO) 5 ϩ · are known and their formation occurs with similar entropies, so that the internal energy deposition is directly reflected by the fragment ion abundances. A measure of the internal energy deposition into molecular ions of n-butylbenzene molecules can be obtained from the relative abundance of fragment ions at m/z 91 and 92 [17] [18] [19] . The appearance potential of the former is higher, but so is the entropy, making it the favored process when more internal energy is deposited into the molecular ion. Rate constants can be measured using thermal activation methods, such as blackbody infrared radiative dissociation (BIRD) [20 -23] , and these values can be used to establish "effective" temperatures of ions activated by other methods [20] .
We recently demonstrated that hydrated cluster ions are ideal "nanocalorimeters" that can be used to accurately measure the internal energy deposited into these ions upon activation [24 -27] . This nanocalorimetry method has been used to measure the internal energy deposited by EC with thermally generated electrons as a function of cluster size and cation identity [24 -27] . For sufficiently large hydrated clusters containing divalent or trivalent ions, EC results in loss of multiple water molecules from the reduced precursor. For example, EC by [Ru(NH 3 ) 6 (H 2 O) 55 ] 3ϩ results in formation of [Ru(NH 3 ) 6 (H 2 O) n ] 2ϩ , n ϭ 36, 37, and 38, corresponding to the loss of 17-19 water molecules from the reduced precursor ion [26] . For these large clusters, all the available recombination energy is deposited into internal modes of the ion and the dissociation is statistical. In contrast, dissociation of much smaller clusters in which loss of a hydrogen atom and water molecules occurs can be nonstatistical [25] .
For large clusters where the dissociation is statistical, the RE can be obtained from the average number of water molecules lost from the reduced precursor. To obtain the RE, the threshold dissociation energy for the loss of each water molecule from the reduced precursor must be known. Values for clusters of the size typically investigated have not been measured, but these values can be obtained from the Thomson liquid drop model [28, 29] . Various implementations of this model have been recently evaluated by comparison to experimental data for both monovalent and divalent ions [29] . A recently introduced discrete implementation of the Thomson model that takes into account ion size appears to accurately fit most experimental and quantum chemical data [29] . Energy can also partition into translational, rotational, and vibrational modes of each water molecule that is lost and can be accounted for using a simple statistical model. A more detailed description about how RE values can be accurately obtained from the number of water molecules lost, including effect of energy partitioning, is presented elsewhere [27] .
Unlike some methods, such as photoionization spectroscopy, which can be used to obtain vertical ionization energies, the RE values obtained from this experiment are adiabatic values and correspond to the adiabatic ionization energy of the reduced precursor [26, 27] . Although the initial electron capture may be a vertical process, solvent reorganization is fast (few picoseconds) compared with the timescale of these nanocalorimetry experiments (tens to hundreds of milliseconds). Energy released upon solvent reorganization will appear as internal energy in these clusters and is reflected by the number of water molecules that evaporate from the reduced clusters.
An emerging application of this nanocalorimetry method is measuring physical properties of ions in bulk solution that are difficult to obtain by other methods. For example, reduction potentials of redox active species in bulk solution are measured on a relative basis where the potential of one half-cell is measured relative to that of another. Such measurements result in a ladder of thermochemical values anchored to that of the standard hydrogen electrode, which is arbitrarily assigned a value of exactly 0 V. We have recently reported the use of our ion nanocalorimetry method to obtain absolute solution-phase reduction potentials [26, 27] . By comparing these values to relative values measured in solution, an absolute value for the standard hydrogen potential of 4.2 Ϯ 0.4 V is obtained [27] .
Many factors contribute to the ultimate accuracy of the nanocalorimetry method. Two important factors are the roles of the electron kinetic energy and ion-electron inelastic collisions on values of the RE obtained by ion nanocalorimetry. Here, we demonstrate that the internal energy deposited into hydrated clusters does not depend on the cathode voltage, which can be used to vary the electron kinetic energy, over the range of values typically used in an ECD experiment. In addition, we show that inelastic ion-electron collisions occur, but that these collisions do not significantly affect the internal energy deposition reported in these nanocalorimetry experiments under typical experimental conditions.
Experimental
Experiments were performed in a 2.75 Tesla FT/ICR mass spectrometer, equipped with a nanoelectrospray ion source [30] , a temperature-controlled ion cell [31] , and a heated metal cathode [25] (Figure 1 ). The cylindrical ion cell (10 cm long ϫ 7 cm in diameter) consists of four copper mesh excite/detect plates separated from two beryllium-copper trapping plates by macor rings. The trapping plates are solid except for a central 1.0-cm hole and are wound with thin copper wire to ensure a uniform electric field across the hole. An oxygen-free copper jacket surrounds the cell and a controlled flow of liquid nitrogen is introduced into the copper jacket by means of a solenoid regulated by a temperature controller (Model No. CN-i3222, Omega Engineering, Inc., Stamford, CT, USA). The cell is allowed to equilibrate to a temperature of Ϫ140.0°C for at least 8 h before conducting these experiments.
The nanoelectrospray ion source, with which extensively hydrated ion clusters are generated, is described in detail elsewhere [30] . Briefly, borosilicate capillaries with tips pulled to an inner diameter of about 1 m are filled with 4 mM aqueous solution of calcium chloride (Fisher Scientific, Fair Lawn, NJ, USA). A platinum wire is placed in direct contact with the solution and held at a potential of about 450 V relative to the approximately 90°C heated metal capillary entrance to the mass spectrometer. Ions are guided through five stages of differential pumping and trapped in the ion cell. A 7-s pulse of nitrogen gas, which raises the cell pressure to about 5 ϫ 10 Ϫ7 Torr, is used to assist in trapping and thermalizing the ions. A mechanical shutter is closed at all other times to prevent additional ions from entering the cell. The trapped ions are allowed to reach a steady-state internal energy distribution by exchange of photons with the blackbody radiation field inside the cell [21] [22] [23] over a period of 8 s, during which time the cell pressure returns to Ͻ10 Ϫ8 Torr. Except where noted, the trapping plate potentials were held at 8.5 V (source side) and 9.5 V (far side) during ion accumulation, stepped down gradually during the 8-s delay to 2.0 V, and held at this potential for the remainder of the experimental sequence.
Clusters of interest are isolated using stored waveform inverse Fourier transforms (SWIFTs), followed by a 50-ms delay. This is followed by either electron irradiation or BIRD. Electrons are thermally generated using a 1.0-cm-diameter barium scandate-impregnated cathode (HeatWave Laboratories, Watsonville, CA, USA) mounted axially 20 cm away from the cell center. A direct current of 3 A is used to heat the cathode to a temperature of about 950°C. To introduce electrons into the cell, the potential of the cathode housing is pulsed from ϩ10.0 V to values between 0.0 and Ϫ10.0 V. A value of Ϫ1.5 V for the cathode potential during electron irradiation resulted in maximum ECD efficiency, and this setting was used in all experiments where cathode potential was not a variable. Electrons that pass through the cell should be reflected back through the cell due to the ion-injection optics that are maintained at high negative potentials [22] . For BIRD experiments, the heated cathode potential was kept at ϩ10.0 V to prevent electrons from entering the cell. In all experiments, a potential of ϩ9 V was applied to a copper-wire mesh mounted 0.5 cm in front of the cathode. All potentials are referenced to instrumental ground.
A mobile instrumentation data acquisition system (MIDAS) [32] was used to acquire 32K data point transients. Ion abundances were obtained by subtracting the average noise in an approximately 30 m/z signal-free region near the precursor. For ECD experi-ments, the average number of water molecules lost from a cluster upon reduction was calculated as the weighted average of reduced product cluster abundances and corrected for background dissociation from BIRD by subtracting the water loss due to BIRD, as measured with no electrons present in the cell. Experimental error was propagated assuming a distribution of noise that is uniform and uncorrelated with respect to m/z in the mass spectral regions investigated, and normal with respect to intensity. The standard deviation in noise intensity over the aforementioned signalfree region was propagated through all calculations to estimate error.
Results and Discussion

Electron Kinetic Energy
In these ECD experiments, the electron kinetic energy is poorly defined and depends on a number of experiment parameters including, for example, position inside the ion cell; trapping plate potentials; cell geometry; cathode voltage, temperature, and location; and electron current. Electrons produced from the heated cathode should have an initial velocity spread given by a Maxwell-Boltzmann distribution at the cathode temperature. At 950°C, the temperature of the heated cathode in these experiments, the average electron velocity is 1.9 ϫ 10 5 m/s, corresponding to a kinetic energy of 0.1 eV. In addition to the thermal distribution, electron-electron repulsion at the high electron currents typically used in these experiments will result in an even broader distribution of electron kinetic energies.
To study possible effects of electron kinetic energy on the internal energy deposition into ions upon EC, the potential of the cathode can be varied while keeping all other parameters constant. However, there is a limited range over which the cathode potential can be varied (about Ϫ1.2 to Ϫ2.0 V in these experiments) and ECD products observed. To investigate the origin of this effect, [Ca(H 2 O) 15 ] 2ϩ was isolated in the cell and the precursor abundance was measured as a function of cathode potential with electron irradiation times of 120 ms (Figure 2 ). With symmetric trapping potentials of 2.0 V during ECD and ion detection, rapid loss of the precursor is observed when the cathode potential is varied from 0 to Ϫ1.0 V (Figure 2 ; solid black squares). A local maximum in precursor intensity occurs at about Ϫ1.5 V and the precursor intensity rapidly decreases at cathode potentials more negative than Ϫ2.0 V. Another local maximum in precursor intensity is observed at Ϫ8.0 V. To investigate effects of trapping plate potentials on this phenomenon, asymmetric trapping potentials of 8.3 and 9.2 V were used during ECD (2.0 V during ion detection). With these higher trap potentials, precursor ion loss is significantly reduced at low cathode potentials, but otherwise the trapping potentials during ECD have little effect (Figure 2 ; open circles). Similar results to the higher trapping plate data have been reported by Lioe and O'Hair, who irradiated singly charged ions with electrons and concluded that the loss of signal was due to neutralization [33] . However, no singly charged ions were observed in our experiments with cathode potentials between Ϫ3.0 and Ϫ7.0 V, indicating that ion-electron recombination is not the origin of precursor loss. Marshall and colleagues demonstrated that manipulation of the trapping potentials during and immediately after the ECD event or the use of single-pass versus reflected-electron configurations can shift the peak in ECD efficiency as a function of cathode potential [34] . High electron currents can reduce the effective potential inside the cell, which could result in loss of positively charged ions, consistent with retention of ion signal with high trap potentials when the cathode potential is low. However, the maximum observed at Ϫ1.5 V with 2.0-V trap potentials suggests that other effects, such as inelastic or elastic collisions with electrons which could "push" the ions out of the cell, may occur.
Effects of Cathode Potential on ECD Spectra
To determine how the electron kinetic energy affects the internal energy deposition upon EC, ECD spectra of [Ca(H 2 O) 32 ] 2ϩ and [Ca(H 2 O) 15 ] 2ϩ were measured as a function of cathode potential. ECD of the former results exclusively in loss of either 10 or 11 water molecules from the reduced precursor, whereas ECD of the latter results in loss of an H atom and 8 or 9 water molecules, resulting in formation of hydrated calcium hydroxide with a single charge. For [Ca(H 2 O) 32 ] 2ϩ , there is no discernable trend in the average number of water molecules lost from the reduced precursor for cathode potentials ranging from Ϫ1.2 to Ϫ2.0 V (Figure 3 ). The average number of water molecules lost over this range is 10.26 Ϯ 0.04. Extrapolation of these data to a cathode housing potential of 0.0 V results in a value of 10.2 Ϯ 0.2 water molecules. If the electron kinetic energy were deposited into internal modes of the ion, the ECD spectra should reflect a 0.80-eV (18.4 kcal/mol) change in internal energy deposition over this 0.80-V range of cathode potentials. Because approximately 0.4 eV (ϳ9 kcal/mol) is required to evaporate a water molecule from a monovalent cluster of this size [29] , if the entire electron kinetic energy had been deposited into the ion, the average number of water molecules that evaporate from these clusters should have changed by roughly 0.80/0.4 ϭ 2.0 water molecules over the 0.80-V range in cathode potentials. The insensitivity of the ECD spectra to cathode voltage clearly indicates that the internal energy deposited into these hydrated clusters is not a function of the electron kinetic energy over the range of cathode potentials typically used in ECD experiments.
Similar results are obtained for [Ca(H 2 O) 15 ] 2ϩ where, again, there is no discernable trend in the average number of water molecules lost as a function of the cathode housing potential over a range of Ϫ1.4 to Ϫ2.0 V with an average value of 8.26 Ϯ 0.04 (Figure 3 ). Extrapolation of these data to a cathode potential of 0.0 V results in a value of 8.4 Ϯ 0.1. As was the case for [Ca(H 2 O) 32 ] 2ϩ , the cathode potential and thus initial electron kinetic energy have no effect on the internal energy deposited into this ion. Zubarev et al. reported that the fragmentation patterns in ECD spectra of 11ϩ ubiquitin ions did not change over a 0.0-to Ϫ0.4-V range of cathode potentials and concluded that the electron kinetic energy was minor compared to the energy released upon EC [35] . Our results show that changing cathode potentials does not affect ECD energy deposition in the low electron energy regime. However, different fragment ions have been observed in "hot" ECD experiments where the electron kinetic energy is Ͼ5 eV [36, 37] .
Trapping plate potentials during ECD also influence the electron kinetic energy inside the ion cell. To investigate the effects of trap potentials in these experiments, an ECD spectrum of [Ca(H 2 O) 32 ] 2ϩ was measured using asymmetric trap potentials of 8.3 and 9.2 V (source side and far side, respectively) during ECD. An average of 10.25 Ϯ 0.01 water molecules is lost from the reduced precursor, essentially the same number observed when the spectrum was acquired with a symmetric trapping potential of 2.0 V. These results indicate that the trapping potentials do not influence the internal energy deposited into ions upon ECD over the range of values typically used in these experiments.
Although these results may seem counterintuitive, it is important to consider that the capture of an electron is most efficient when the relative velocity between an ion and an electron is zero. The relative velocities of positive ions and electrons can be carefully controlled by merging the corresponding ion beams in ion storage rings [38 -41] . From such experiments, accurate recombination cross sections as a function of relative ionelectron velocity can be obtained. The cross section for dissociative recombination when a protonated water molecule captures an electron increases by about 5 orders of magnitude as the center-of-mass kinetic energy decreases from 30 to 0.001 eV [40] . The EC cross section for D ϩ (D 2 O) 2 increases by about 3 orders of magnitude when the ion-electron center-of-mass kinetic energy decreases from 0.01 to 0.001 eV [41] .
In the ECD experiments described here, the spread of electron velocities is very broad. Contributing further to the broadening is electron-electron repulsion, which is significant at the high electron currents used in these experiments. In addition, inelastic ion-electron collisions that do not result in electron capture can result in lower electron kinetic energies. All of these factors could result in a small fraction of electrons with nearzero kinetic energies inside the ion cell, and these electrons should be the most efficiently captured by the slow moving positive ions in our experiment.
Effects of Inelastic Ion-Electron Collisions on ECD Spectra
Inelastic ion-electron collisions can deposit energy into either the intact precursor or the fragment ions, resulting in ion heating that could contribute to the extent of dissociation observed. A method to fragment organic ions based on this phenomenon has been implemented previously in FT/ICR mass spectrometers by Freiser and Beauchamp [42] and has been affectionately called electron impact excitation of ions from organics, or E-I-E-I-O [43] . This method has been used to dissociate singly charged peptides [33, 44] .
To investigate the extent to which inelastic ionelectron collisions occur and influence the internal energy deposition in these experiments, [Ca(H 2 O) 15 ] 2ϩ was isolated and ECD experiments were performed as a function of electron irradiation time from 40 to 200 ms with a cathode potential of Ϫ1.5 V. These data are corrected for contributions to ion heating by BIRD originating from the heated cathode and the cooled cell and surroundings. The average number of water molecules lost from the reduced precursor as a function of electron irradiation time is shown in Figure 4 . There is a slight trend in the average number of water molecules lost as a function of electron irradiation time. Average numbers of water molecules lost at 40-, 80-, and 120-ms irradiation times are indistinguishable within experimental error; the average of these three values is 8.24 Ϯ 0.03. Values at 160 and 200 ms are slightly higher and outside experimental error, indicating that inelastic ion-electron collisions do play a minor role in ion heating at these longer irradiation times. Extrapolation of these data to zero irradiation time should give the number of water molecules lost solely due to EC in the absence of any heating from inelastic ion-electron collisions; this value is 8.18 Ϯ 0.05. From these results, we conclude that, although inelastic ion-electron collisions occur, they contribute negligibly to the internal energy of the ions when the electron irradiation is less than 120 ms. At longer irradiation times, this effect can be measured but continues to be negligible at least up to 200 ms.
Effects of Inelastic Ion-Electron Collisions on Precursor Heating
In separate experiments, effects of precursor heating due to inelastic ion-electron collisions were obtained for both [Ca(H 2 O) 17 ] 2ϩ and [Ca(H 2 O) 32 ] 2ϩ by measuring the extent of water loss from the precursor ions as a function of electron irradiation time. For both ions, loss of one or two water molecules from the precursor constitute the only products observed in addition to singly charged product ions due to ECD. In these experiments, blackbody infrared radiative dissociation occurs [21] [22] [23] that can be directly attributed to the heated cathode that is located 20 cm away from the cell center [25] . Effects of precursor ion heating due to inelastic ion-electron collisions can be obtained from differences in the extent of water loss with and without electrons introduced into the cell. To do this, the cathode remains at about 950°C in both experiments, but for the blackbody comparison, the cathode potential is ϩ10.0 V at all times so that no electrons enter the cell. Differences in the water loss from the precursor ion measured in these two experiments can be directly attributed to inelastic electron-ion collisions. The water loss from the precursor ions, corrected for loss of the precursor due to ECD, as a function of electron irradiation time is shown in Figure 5 . For [Ca(H 2 O) 17 ] 2ϩ , there is no significant difference in the fragmentation rate with or without electron irradiation up to 200 ms, but at longer times, more fragmentation occurs when electrons are introduced into the ion cell (Figure 5a ). This outcome indicates that inelastic ion-electron collisions result in heating of the precursor ion over this longer time frame. The induction period at times below about 200 ms indicates that the precursor ions require some initial heating to a steady-state temperature before pseudo-first-order kinetics are observed, analogous to preheating in laser dissociation kinetic studies [45] .
In contrast, there is no observable effect of inelastic ionelectron collisions for [Ca(H 2 O) 32 ] 2ϩ (Figure 5b) for times up to 400 ms. In these experiments, the initial internal energy of this larger cluster is approximately twice that of the smaller cluster as are the rates of radiative absorption and emission. However, the threshold dissociation energies for loss of a water molecule from these two different size clusters are nearly the same. These experiments indicate that the rate of ion heating due to inelastic ion-electron collisions is negligible compared to that from radiative absorption (and emission) at this cluster size. Thus, for the cluster sizes typically used in nanocalorimetry ex- periments, heating of the ions due to inelastic ionelectron collisions is negligible under typical experimental conditions.
Conclusions
Ion nanocalorimetry is an accurate and highly sensitive method for measuring how much internal energy is deposited into ions upon activation [24 -27] . This method has been recently applied to measuring absolute reduction potentials of redox couples in bulk solution [26, 27] . To improve the accuracy with which these values can be obtained, effects of electron kinetic energy and inelastic ion-electron collisions on the internal energy deposition in ECD must be known. In typical ECD experiments done in FT/ICR mass spectrometry, the relative kinetic energies of the electrons generated by heated metal cathodes and the trapped ions vary over a relatively wide range and are poorly defined. The kinetic energy of electrons in these ECD experiments can be precisely varied by changing the heated cathode potential. Under typical experimental conditions, varying the cathode potential has no measurable effect on the internal energy deposited into ions that capture electrons. These results are consistent with the presence of some small fraction of electrons with nearzero kinetic energy inside the cell. Such low-energy electrons can be produced by effects of electron-electron repulsion in the high-density electron beam and/or by inelastic ion-electron collisions that occur inside the ion cell. Capture cross sections for EC are significantly higher when the relative ion-electron velocity approaches zero, and it is capture of this small population of low-energy electrons that results in the observed ECD. These results may explain in part the poor absolute cross section for ion-electron recombination in these experiments.
With electron irradiation times up to 200 ms, no discernable effects of inelastic ion-electron collisions are observed. At longer irradiation times, some ion heating due to inelastic ion-electron collisions is measurable for small nanoclusters, although this effect is negligible for the larger size clusters typically used in nanocalorimetry experiments. These results indicate that the cathode potential, trapping plate potential, and inelastic ion-electron collisions do not play a significant role in the internal energy deposition in ECD under typical experimental conditions.
